animal. This collection method avoids the need for capture or restraint of an animal and thus facilitates feedback-free sampling (Ganswindt et al. 2012a; Hulsman et al. 2011) . In many species, faecal hormone metabolite concentrations represent the cumulative secretion and elimination of circulating hormones related to gastrointestinal transit time (Gesquiere et al. 2014; Hulsman et al. 2011; Touma & Palme 2005) . Faecal hormone metabolite monitoring is thus less sensitive to pulsatile and episodic fluctuations in hormone secretions (Touma & Palme 2005) .
Faecal steroid analysis does, however, come with its challenges; for example hormone metabolites might not be evenly distributed throughout a faecal sample, necessitating thorough mixing of sample material after collection (Millspaugh & Washburn 2004; Wasser et al. 1996) . When using non-invasive techniques, researchers need to be aware of species-and sex-specific differences in steroid metabolism (Schwarzenberger 2007; Touma et al. 2003) . Potential matrixspecific effects on hormone metabolite concentrations related to processing and storage of samples also need to be considered (Hunt & Wasser 2003; Millspaugh & Washburn 2004) . Rigorous validation of assays, storage and processing techniques are required to ensure reliable results in analysing faecal steroid concentrations.
Faecal bacteria enzymes can compromise the reliability of steroid monitoring by breaking down steroids and altering metabolite concentrations post-defaecation (Mostl et al. 1999; Washburn & Millspaugh 2002) . To halt these metabolic processes, a faecal sample must be frozen or the water removed (Palme 2005) . Standardised freezing protocols for faecal material collected immediately after defaecation have been established to control for these confounding effects (Hulsman et al. 2011) . Such an approach can easily be applied in a controlled environment, like zoological gardens, but immediate freezing of faeces after defaecation can be challenging when working under field conditions. As a result, a number of studies have frozen collected material within a standardised period following defaecation (Ahlers et al. 2012; Ganswindt et al. 2010a) or opted for alternative methods such as drying the material as soon as possible to prevent bacterial alteration of hormone concentrations (Terio et al. 2002) . Although quite effective for some species (Kalbitzer et al. 2015; Shutt, Setchell & Heistermann 2012) , alternative, more field-friendly methods involving wet-faeces extraction have not often been considered for elephants, as intra-sample variation in faecal hormone concentrations appears extremely high, but can be substantially reduced when extracting steroids from dried faecal matter (Wasser et al. 1996) . Thus, freezing unpreserved African elephant faecal samples under standardised settings with subsequent freeze-drying of collected material still seems the most reliable method for accurate steroid measurements (Hunt & Wasser 2003) .
Variation in steroid metabolite concentrations post-defaecation has been examined for a few species (Khan et al. 2002; Terio et al. 2002) . For example, in cheetahs (Acinonyx jubatus), progestagen metabolite concentrations increased over time in unpreserved faecal matter, whereas glucocorticoid metabolite concentrations decreased and androgen metabolite concentrations were not affected by the drying process (Terio et al. 2002) .
Non-invasive hormone monitoring is a well-established method for African elephants (Loxodonta africana), with Poole et al. (1984) using this technique in the early 1980s for monitoring steroid concentrations in free-ranging animals. Since then there have been many studies using this methodology to monitor faecal hormone metabolites in captive (e.g. Brown 2000; Brown et al. 2007; Ganswindt et al. 2002 Ganswindt et al. , 2003 and free-ranging African elephants (e.g. Ahlers et al. 2012; Ganswindt, Heistermann & Hodges 2005; Ganswindt et al. 2010a Ganswindt et al. , 2010b Viljoen et al. 2008) . Ahlers et al. (2012) established an enzyme immunoassay (EIA) for determining alterations in faecal progestagen metabolite (fPM) concentrations, whereas the EIAs for measuring faecal androgen (fAM) and glucocorticoid metabolite (fGCM) concentrations in captive and wild African elephants were established by Ganswindt et al. (2002 Ganswindt et al. ( , 2003 Ganswindt et al. ( , 2005 Ganswindt et al. ( , 2010a and Viljoen et al. 2008 .
To our knowledge, post-defaecation changes in steroid metabolite concentrations and potential steroid-class-related differences in unpreserved elephant faeces have not been examined. Such understanding would assist in establishing a logistical setting for cross-sectional sampling of free-ranging elephants. Non-invasive hormone monitoring could be optimised as a tool for evaluating the impact of management interventions including contraception and translocation (Viljoen et al. 2008; Wasser et al. 1996) .
The project objectives included investigating changes in fGCM, fAM and fPM concentrations in male and female African elephant faeces over time after defaecation. In addition, differences in steroid metabolite concentrations in freeze-and air-dried faeces were evaluated, with air-dried material fully dried under either full sun or shade conditions.
Research method and design

Study animals
In April 2017, fresh faecal material was collected from two African elephants, a 20-year-old male and a 15-year-old female, housed at Adventures with Elephants, South Africa (24°46'53.8" S; 27°57'03.3" E). The elephants' diet was natural vegetation in the area (mixed bushveld) supplemented with bana grass, fruit and vegetables, oats, lucerne and self-made game pellets. Water was available ad libitum.
Sample collection
Faecal material was collected using nitrile gloves immediately after defaecation from the middle of a bolus to avoid contamination by urine or debris (Ganswindt et al. 2002; Hodges et al. 2010) . Faeces was collected from several boluses, thoroughly mixed and split into 69 samples of approximately 12 g each. Samples were immediately frozen in plastic vials and stored at -20°C until further processing.
Alteration of steroid concentration postdefaecation experiment
Thirty-six samples from each elephant were thawed and triplicates refrozen after being dried in the sun or shade for 6, 20, 24, 48, 72 h or 1 week. Sun-dried samples were placed in full sun between 08:00 and 16:00 and placed undercover overnight to avoid dew contamination. Shade-dried samples were placed in a cardboard box with holes in the top, which prevented sunlight exposure but allowed air to move freely around the sample. The three samples from each individual that remained frozen represented t = 0. Subsequently, all frozen material was lyophilised at the end of the experiment.
Faecal matrix drying experiment
After thawing 20 samples from each individual, 10 subsamples were fully dried in either full sun or shade (same conditions as described above). All samples were mixed daily to promote even drying. Air-dried samples were weighed every 24 h and considered dry when subsequent weights differed by ≤ 0.01 g. This process took a maximum of 34 days. A subset of 10 samples for each elephant remained frozen and were used as controls. Subsequently, all frozen material was lyophilised at the end of the experiment.
Hormone extraction
All lyophilised faecal material was pulverised and sieved through a mesh strainer to remove undigested material (Fiess, Heistermann & Hodges 1999 ). Between 0.50 g and 0.60 g of dry faecal powder (exact weight noted) was extracted by adding 3 ml of 80% ethanol in distilled water. Suspensions were vortexed for 15 min and then centrifuged for 10 min at 1500 g. Supernatants were stored at -20°C until hormone analysis (Ganswindt et al. 2014 ).
Hormone analysis
Faecal steroid extracts were measured for fGCM concentrations, using established EIAs for fGCM monitoring in male and female African elephants (Ganswindt et al. 2003; Viljoen et al. 2008) , fAM concentrations in African elephant bulls (Ganswindt et al. 2002) and fPM concentrations in female African elephants (Ahlers et al. 2012; Szdzuy et al. 2006) . Respective EIAs used antibodies against 11-oxoetiocholanalone (detecting fGCMs with a 5β3α-ol-11-one structure), epiandrosterone (detecting 5α-androstanes) and 5α-pregnan-3β-ol-20-on (detecting 20-oxo-pregnanes). Assay methodologies used were as published by Ganswindt et al. (2002) and the analyses took place at the Endocrine Research Laboratory, University of Pretoria, South Africa. Sensitivities (90% binding) of the assays were 1.2 ng/g dry faeces (DW) for fGCM, 24 ng/g DW for fAM and 18 ng/g DW for the fPM EIA, respectively. Intra-assay coefficients of variation, determined by repeated measurements of high and low value quality controls, were 3.3% and 5.6% for fGCM, 4.5% and 5.5% for fAM, and 2.5% and 5.3% for fPM measurements. Inter-assay coefficients of variation were 4.3% and 6.8% for fGCM, 6.3% and 9.2% for fAM, and 4.6% and 7.8% for the fPM EIA.
Data analysis
The relative change in steroid concentration post-defaecation for each subsample was calculated using the mean steroid concentration determined at t = 0 as 100%. Differences in steroid concentration between samples stored at t = 0 h and 6-168 h post-defaecation were examined descriptively as well as by one-way repeated measures ANOVA, followed by post hoc analysis using a Bonferroni t-test, with application of the Bonferroni correction. Differences in steroid concentrations between drying treatments were examined by KruskalWallis one-way ANOVA on ranks followed by post hoc pairwise comparisons using Dunn's method. The statistical analyses were performed using the software programme Sigma Plot 12.5. Statistical significance was assumed when p < 0.05. Data are presented as means ± SD, medians and ranges where applicable.
Ethical considerations
All applicable international, national and institutional guidelines for the care and use of animals were followed during faecal sample collection. The study was conducted with the approval of the Centre for Wildlife Management Research Committee (10-04-16).
Results
Time-related change of fGCM concentrations post-defaecation
Dried faecal samples from the male and female African elephant showed a distinct overall decrease in mean fGCM concentrations of about ~80% after 168 h (see Figures 1a and  1c) . Mean fGCM concentrations from males initially increased (up to 23% for shade-and 5% for sun-dried samples) before declining until the end of the experiment (Figure 1a) . Similarly, mean fGCM concentrations of female samples dried in the sun slightly increased at the beginning before declining continuously thereafter. However, fGCM concentrations from female faecal material dried in the shade followed no clear trend for the first 24 h before starting to decrease (Figure 1c (6, 20, 24, 48, 72 and 168 h after defaecation) for sample sets dried in the sun (black dots) or in the shade (white dots). Alterations in faecal steroid metabolite concentrations of sample triplicates are expressed as mean ± standard deviation for each time point. fGCM, faecal glucocorticoid metabolite; fAM, faecal androgen metabolite; fPM, faecal progestagen metabolite. 
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Time-related change of fAM and fPM concentrations post-defaecation
For both drying regimes, fAM concentrations in faecal matter of males continuously increased from 6 h post-defaecation, reaching a maximum increase of ~150% after 168 h postdefaecation (see Figure 1b) . A significant difference in fAM concentrations for material dried in the shade was found between 0 and 48-168 h post-defaecation samples (F = 29.05, p < 0.001, post hoc analysis: p < 0.001 for 48, 72 and 168 h, respectively). Faeces dried in the sun showed a significant difference in fAM concentrations between 0 and 72-168 h post-defaecation samples (F = 21.60, p < 0.001, post hoc analysis: p < 0.001 for 72 and 168 h, respectively).
Mean fPM concentrations initially decreased (up to 14% for shade-and 2% for sun-dried samples) before continuously increasing until the end of the experiment (see Figure 1d) . 
Drying times under different regimes
The time to reach complete dryness varied for samples within subsets. Air-dried samples in the sun were completely dry within 11-16 days (male) and 9-17 days (female), with a median time of 11 days for both sexes. Similarly, air-dried samples in the shade were completely dry within 26-33 days (male) and 29-34 days (female), with a median time of 30 days for both sexes.
Differences in steroid concentrations of samples dried under different regimes
Concentrations of fGCMs in male and female faecal matter differed significantly between the three treatment groups (male: H = 25.8, df = 2, p = 0.001; female: H = 24.9, df = 2, p = 0.001; Figure 2a) , with fGCM concentrations of freezedried samples being significantly higher (male: 0.44 µg/g DW ± 0.05 [mean ± SD]; female: 0.75 µg/g DW ± 0.10) compared to faecal matter dried in the sun (male: 0.05 µg/g DW ± 0.01, Q = 3.6, p < 0.05; female: 0.11 µg/g DW ± 0.02, Q = 2.4, p < 0.05) and shade (male: 0.03 µg/g DW ± 0.003, Q = 7.2, p < 0.05; female: 0.05 µg/g DW ± 0.01, Q = 4.9, p < 0.05). Furthermore, fGCM concentrations of male and female samples that were dried in the sun were significantly higher than fGCM concentrations of material dried in the shade (male: Q = 3.6, p < 0.05; female: Q = 2.4, p < 0.05).
Male fAM concentrations differed significantly between treatments (H = 22.7, df = 2, p = 0.001; Figure 2b ), with concentrations in freeze-dried samples being significantly lower (1.26 µg/g DW ± 0.25) compared to concentrations in faecal matter dried in the sun (3.46 µg/g DW ± 0.52, Q = 4.1, p < 0.05) and in the shade (4.67 µg/g DW ± 1.14, Q = 6.7, p < 0.05), respectively. Concentrations of fAMs in faecal samples dried in the sun and dried in the shade did not differ significantly (Q = 2.6, p > 0.05).
Female fPM concentrations differed significantly between treatment groups (H = 19.9, df = 2, p = 0.001; Figure 2b) , with fPM concentrations of freeze-dried samples being significantly lower (2.56 µg/g DW ± 0.17) compared to faecal matter dried in the sun (6.37 µg/g DW ± 0.86; Q = 4.4, p < 0.05). In contrast, freeze-dried fPM concentrations were 
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Freeze-dried Air-dried in sun A ir-dried in shade (n = 13) (n = 13) (n = 10) (n = 10) (n = 10) (n = 9) Concentrations of fPMs from sun-dried samples were also significantly higher than respective concentrations of material dried in the shade (Q = 3.04, p < 0.05).
Discussion
In this study, we examined the rate of change in glucocorticoid, androgen and progestagen metabolite concentrations in the faeces of two African elephants, a male and female, when dried under natural conditions.
Our findings that fGCM concentrations decreased over time are in agreement with findings reported by Hulsman et al. (2011) . They found a continuous decrease in fGCM concentrations for up to 32 h after defaecation in the drying faecal matter of male and female brown hyaena (Hyaena brunnea), using the same EIA. In addition, Lexen et al. (2008) demonstrated a decrease in glucocorticoid concentrations in the faeces of sheep (Austrian mountain sheep) for up to 24 h post-defaecation, again using the same EIA (detecting fGCMs with a 5β-3α-ol-11-one structure) for analysis. Based on these findings it seems possible that glucocorticoid metabolites with a 5β-3α-ol-11-one structure are a common and host-independent product of bacterial alteration in mammal faeces. At least for the African elephant, one of the major glucocorticoid metabolites excreted into faeces is 5β-androstane-3α, 11β-diol-17-one (Ganswindt et al. 2003) . However, further analyses including high-performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC/MS) would be necessary to examine the presence and relative abundance of glucocorticoid metabolites with a 5β-3α-ol-11-one structure in other mammalian faeces.
Specificity of the antibody used cannot be underestimated as demonstrated in a study by Lexen et al. (2008) , who showed the above-mentioned decrease in fGCM concentrations in sheep faeces post-defaecation when using the EIA detecting fGCMs with a 5β-3α-ol-11-one structure. In contrast, they found a similarly distinct increase in fGCM concentrations in the same faecal matter when using an EIA detecting 11, 17 dioxoandrostanes. Thus, the use of different assays for determining respective changes in fGCM concentrations makes the predictability of expected changes difficult, as it can result in a distinct increase in fGCM concentrations, as demonstrated for sheep (Lexen et al. 2008) and African buffalo (Syncerus caffer; Ganswindt et al. 2012b ), or in a significant decrease in fGCM concentrations as shown for African elephant (this study) and brown hyaena (Hulsman et al. 2011) . In some cases fGCM concentrations stay relatively stable over time, as seen in Nile crocodile (Crocodylus niloticus), jaguar (Panthera onca), or leopard (Panthera pardus; Ganswindt et al. 2014; Mesa-Cruz, Brown & Kelly 2014; Webster 2017) . However, opposite trends in fGCM concentrations post-defaecation can even be found when using the same EIA in various species. In contrast to Lexen's sheep results, Laver et al. (2012) demonstrated a decline in fGCM concentrations within the first 2 h post-defaecation for banded mongooses (Mungos mungo) when using the EIA detecting 11,17 dioxoandrostanes.
Comparatively few studies looked at respective quantitative changes in faecal reproductive hormone metabolite concentrations post-defaecation. However, our findings of increasing fPM concentrations in drying faeces of a male and female African elephant are in agreement with results of a study on baboons (Papio cynocephalus), where fPM concentrations also increased after 6 h post-defaecation using a 4-pregnen-3,20-dione 3-CMO assay (Wasser et al. 1988) . Similarly, higher fPM concentrations were found in unpreserved cheetah samples drying in a solar oven compared to samples that were freeze-dried, also using a progesterone assay (Terio et al. 2002) . Likewise, fAM concentrations in African elephant faeces also increased post-defaecation, but we could not find another study that had already examined time-sequence alterations in fAM concentration post-defaecation. The closest was the study by Terio et al. (2002) , where no significant differences in fAM concentrations between oven-and freeze-dried cheetah faecal samples were found when analysing the material with a testosterone assay. Again, further chromatographic and mass-spectrometric analyses are required to determine the presence and relative abundance of respective fPMs and fAMs in African elephant and other mammalian faeces. This would determine the link between hormone metabolites actually present and the specificity of the antibodies used. In this regard, it should be further considered that diet of captive and free-ranging individuals might vary considerably, which likely affects their gastrointestinal microbiome. Such differences in the gastrointestinal microbiome could also influence the presence and relative abundance of steroid metabolites, as bacteria are thought to be responsible for steroid metabolism in faecal material.
When faecal matter dries under natural conditions, the duration until it is fully dry depends, apart from size, texture and water content of the sample, on the local weather conditions, mainly the number of hours the material is exposed to sunlight and no rain. Consequently, a longer drying time provides bacteria, at least theoretically, more time to alter the steroid composition in the faecal matrix (Galama, Graham & Savage 2004) . Our results showed that fGCM concentrations in freeze-dried African elephant faeces were significantly higher than steroid concentrations in sundried material, which were in turn significantly higher than fGCM concentrations in shade-dried material. In contrast, findings from Mesa-Cruz et al. (2014) showed that jaguar faeces exposed to sun and shade drying treatments within the wet or dry season did not reveal any differences in fGCM concentrations between treatments exposed for a period of 5 days. The authors explained this by the possible inability of UV rays to penetrate the sample vials used, resulting in only the top few micrometres of faecal material being exposed to sunlight for the five days of the experiment (Mesa-Cruz et al. 2014) . For African elephants, the effect of more drying hours appears relevant especially for fGCM concentrations, as no significant difference in fAM concentrations could be found between sun-and shade-dried material, although the trend of higher overall steroid concentrations with longer drying time (shade treatment) still exists. Comparatively higher fPM concentrations were also found in air-dried samples from African elephants compared to lyophilised faeces, but the effect was most prominent and only significant for sun-dried material. Our results for reproductive steroids are in agreement with findings in a study on cheetahs, where unpreserved faeces that were wet comparatively longer (oven-dried) also showed significantly higher fPM concentrations compared to samples that were freeze-dried (Terio et al. 2002) .
Conclusion
The results of our study suggest that steroid metabolites in elephant faeces start changing distinctively after 20 h postdefaecation, with opposite trends for fGCMs on the one hand, and fPMs and fAMs on the other. This comparatively narrow time window of about a day should be taken into account when collecting material from animals in the wild, especially when collection takes place without observing the actual animal defecating, to assure reliable and comparable results. However, if logistics allow collection of faecal matter within a day, non-invasive hormone measurement remains a powerful and reliable approach to provide information about an elephant's endocrine status.
